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In this paper, we propose a saturation control scheme for linear parameter-varying (LPV)
systems from an antiwindup control perspective. The proposed control approach is advantageous
because it can be thought of as an augmented control algorithm from the existing control system.
Moreover, the synthesis condition for an antiwindup compensator is formulated as a linear
matriz inequality (LMI) optimization problem and can be solved efficiently. We have applied the
LPV antiwindup controller to an F-16 longitudinal autopilot control system design to enhance
aircraft safety and improve flight quality in a high angle of attack region.

Introduction

HE flight control system of a tactical aircraft has

different performance goals for low angle of attack
and high angle of attack regions. For example, in a low
angle of attack scenario, pilots desire fast and accurate
responses for maneuver and attitude tracking, whereas
in a high angle of attack region, the flight control
emphasis lies in the maintainability of aircraft stabil-
ity with acceptable flying qualities. The potential of
high angle of attack flight presents many challenges
to the control designers. Due to aerodynamic surface
saturation and control surface effectiveness, unconven-
tional actuators such as thrust vectoring are suggested
for aircraft maneuvering at and beyond the stall an-
gle of attack. However, incorporation of additional
thrust vectoring hardware could complicate the design
of flight control laws in the poststall regime.! Robust
multivariable control methods have been recently ap-
plied to a variety of aircraft models? to demonstrate
their abilities to fly at high angles of attack (see Ref.
3 and references therein). Besides control law design,
another major issue of high angle of attack flight is
control saturation. It is well recognized that actua-
tor saturation degrades the performance of the flight
control system and may even lead to instability. The
destabilizing effects of actuator saturation have been
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cited as contributing factors in several mishaps in-
volving high performance aircraft.* For this reason,
various methods of preventing instability due to sat-
uration have been examined, which include allocating
control effectors and command scaling and prioritiza-
tion.

A popular approach to control saturation is the
antiwindup method that employs a two-step design
procedure. The main idea of antiwindup control is
to design the linear controller ignoring the saturation
nonlinearities first and then add antiwindup compen-
sation to minimize adverse effects of the saturation
on closed-loop performance. Desirable design require-
ments for antiwindup compensation subject to actua-
tor saturation are the closed-loop system stability, re-
covery of the linear design specifications in the absence
of saturation (linear performance recovery), and the
smooth degradation of the linear performance in the
presence of saturation (graceful performance degrada-
tion). Like other saturation control techniques, the
antiwindup compensator design often assumes a linear
time-invariant (LTI) plant and models the saturation
block as a sector-bounded nonlinearity. Then absolute
stability conditions (such as Popov, circle theorems)
are applied for the stability and performance analy-
sis.”

A general framework that unifies a large class of ex-
isting antiwindup control schemes in terms of two ma-
trix parameters was proposed in Ref. 6. This frame-
work is useful for understanding different antiwindup
control schemes and motivates the development of
systematic procedures for designing antiwindup con-
trollers that provide guaranteed stability and perfor-
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mance. Early results in antiwindup control often have
the drawback of lacking rigorous stability analysis and
clear exposition of performance objectives. Using an
extended circle criterion, the synthesis condition of
static antiwindup controllers is formulated as a linear
matrix inequality (LMI) problem in Ref. 7. A recent
study in Ref. 8 has further revealed that antiwindup
control for stable open-loop LTI systems can be solved
globally as an LMI problem with the order of anti-
windup compensator no more than the plant’s order.
Alternatively, the Popov stability condition has also
been applied to the antiwindup compensator design
problem.? However, the synthesis condition of the sat-
uration controller is given in coupled Riccati equations,
which is difficult to solve for its optimal solution. Most
previous antiwindup compensator designs are only ap-
plicable to open-loop stable LTI systems, limiting their
usefulness for practical problems. When the system is
nonlinear and open-loop unstable, the control synthe-
sis problem becomes very difficult to solve, therefore,
global stabilization cannot be achieved.'% ! However,
in many control systems including flight control sys-
tems, the system dynamics are inherently nonlinear
and their linearizations are strictly unstable.

The motivation for this research is twofold. First,
the antiwindup control scheme for LTT plants in Ref.
12 is generalized to linear parameter-varying (LPV)
systems. This generalization is very important be-
cause of the relevance of LPV systems to nonlinear
systems. In fact, the LPV model can be thought of
as a group of local descriptions of nonlinear dynam-
ics. The antiwindup compensation augments existing
control systems by maintaining stability and recov-
ering control performance when actuator saturated.
Second, saturation control for aircraft under large ma-
neuver operations is critical due to safety concerns.
The proposed antiwindup compensation can be devel-
oped by augmenting existing flight control algorithms.
The consequence is enhanced reliability and an ex-
panded flight envelope. In particular, we demonstrate
adequate flight control performance using LPV anti-
windup control in a high angle of attack scenario.

The notation in this paper is standard. R stands for
the set of real numbers and R for the non-negative
real numbers. R™*™ is the set of real m X n ma-
trices. The transpose of a real matrix M is denoted
by MT. Ker(M) is used to denote the orthogonal
complement of M. A block diagonal matrix with
submatrices X1, X»,..., X, in its diagonal is denoted
by diag{X1,Xs,...,Xp}. We use S™*" to denote
the real symmetric n x n matrices and S7*" to de-
note positive definite matrices. If M € S™*" then
M > 0 (M > 0) indicates that M is positive definite
(positive semidefinite) and M < 0 (M < 0) denotes
a negative definite (negative semidefinite) matrix. If
a,b € R, then sectla,b] denotes the conic sector de-
fined by {(¢,p) : (p —aq)(p —bqg) <0}. For z € R,

its norm is defined as ||z| := (#Tz)2. The space of
square integrable functions is denoted by L, that is,

> T (tyu(t)dt]? is finite.

for any u € Ly, [Jull2 := [,

LPV Antiwindup Control Synthesis

Antiwindup compensation is to modify nominal con-
trollers so that if the signal from the controller is
different from what enters the plant, corrective feed-
back action is employed to reduce the discrepancy.
Because it is impossible to provide a global stabiliz-
ing solution to the antiwindup control problem when
the open-loop plant is unstable, one often needs to de-
termine regional stability for saturation control and
to design controller gain in the guaranteed stability
region.'% 1t In Ref. 8, a sector-bounded input non-
linearity, sect[0, 1], was considered for the open-loop
stable plant and is not applicable to exponentially un-
stable systems. However, the derived performance and
stability properties can be improved when the input
nonlinearity is restricted to a smaller sector region. As
a result, this modification leads to regional stability of
the antiwindup compensated system and extends the
antiwindup control technique to exponentially unsta-
ble open-loop systems.

Consider an LPV plant P, described by

Tp Ap(p)  Bpi(p)  Bpa(p) Tp
e | =1Cp(p) Dpui(p) Dpia(p)| | d (1)
Cp2(p) Dp21(p) Dp2a(p)] [o(v)

where the plant state z, € R". y € R" is the
measurement for control, and o(u) € R is the satu-
rated control input. e € R™ is the controlled output
and d € R™ is the disturbance input. It is assumed
that the vector-valued parameter p evolves continu-
ously over time and its range is limited to a compact
subset P C R?®. In addition, its time derivative
is assume to be bounded and satisfy the constraint
v, < pi < 1,1t =1,2,...,5. For notational purposes,
denote V={v: v, <v <, i=1,2,...,s}, where V
is a given convex polytope in R? that contains the ori-
gin. Given the sets P and V), the parameter v-variation
set is defined as

Fp={peC (R, R*): p(t) €P, plt) €V, ¥t >0}

So F% specifies the set of all allowable parameter tra-
jectories. In the interests of notational compactness,
the parameter dependence will not always be shown
from now on.

All matrix valued state-space data are continuous
and have appropriate dimensions. For simplicity, we
assume that

(A1) (Ap,Bps,Cp2) triple is parameter-dependent
stabilizable and detectable for all p. The LPV
system (1) is said to be parameter-dependent sta-
bilizable if there exists continuously differentiable

2 oF 11

AMERICAN INSTITUTE OF AERONAUTICS AND ASTRONAUTICS PAPER 2003-5495



matrix functions X (p) = X7 (p) > 0 and F(p),
such that for (p,p) € P x V

L 0X
(Ap+ BpF)'X + X(Ap + BpF)+ Y pim— <0
i=1 Ipi

(A2) The matrices [Bﬁ Dglz} and [Cpg ngl]
have full row rank.

(A3) D, = 0.

The actuator nonlinearity under consideration is a
piecewise-linear saturation

N 7 lu;| < urex
olu) = { san(u)uf™ ] > up
fori=1,2,...,n,. The antiwindup control structure
is shown in Fig. 1(a).
d
€ .
=)
“ j[ Ly
nominal u _ o(u)
controller
v q
AW,

antiwindup compensator

(a) LPV antiwindup controller structure

(b) Equivalent transformation

Fig. 1 Nonlinear saturation control diagram.

Following the standard antiwindup procedure, a
nominal LPV controller K, is designed first by ig-
noring the input nonlinearity. Different linear control
design techniques can be employed to achieve this goal.
A systematic way to do this is through LPV control
theory.'315 Due to the assumption (A1), the nomi-
nal controller K, is capable of stabilizing the open-loop
system when no input saturation exists, and its design
will determine the nominal performance of the closed-
loop LPV system. We assume that such a controller

is given by
-l 2Ol e

where x; € R™. The variables vy, vo are the auxiliary
inputs provided by an antiwindup compensator. They

are used to condition the nominal controller when the
control input is saturated.

Our objective is to design an LPV antiwindup com-
pensator AW, such that the adverse effect of input sat-
urations are minimized in terms of induced Lo norm.
The antiwindup compensator is in the form of

g 2l o

where the state x4, € R"v; the size of the compen-
sator state is determined later on. Such antiwindup
compensation schemes provide a computationally effi-
cient technique for the “retro-fitting” existing uncon-
strained controller K, to account for input nonlinear-
ities, thereby eliminating controller windup problems
for input saturated nonlinear systems.

The LPV antiwindup control diagram in Fig. 1(a)
can be transformed to its equivalent form by substitut-
ing the actuator saturation with a deadband nonlinear-
ity Ay = 1 — 2% and A = diag{A1, As, ..., A, b,
as shown in Fig. 1(b). This allows recasting of
the compensator design problem into a robust control
paradigm.

q.k
' slope 0 < k< 1

Fig. 2 Restricted range input saturation.

It can be seen that the deadband uncertainty A;
resides in the conic sector [0,1]. The magnitude of
the control input signal w; is restricted to be less

than (ﬁ) u*®* by reducing the nonlinearity A; to
sect[0, k] with 0 < k& < 1. Consequently, we have
A € sect]0,kI]. The resulting stability notion then
becomes regional stability. However, this restriction
of uncertainty A extends the antiwindup scheme to
open-loop exponentially unstable systems.

Let the system G, be the interconnection of the

open-loop system P, and the nominal controller K,

but exclude the antiwindup compensator. Then its
dynamic equation is

. . x
& Alp,p)  Bolp) Bilp) Balp) 7
u| _ | Co(p) Doo(p) Doi(p) Doz(p) d
€ Ci(p)  Dio(p) Dii(p) Di2(p) ”
q 0 I 0 0 !
V2

(4)

q=Au (5)
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where z € R" with n = n, + nj, and A € sect[0, KI].

A= _Ap + Bpngsz szCk}
| B, Cha Ay
[— B,1 + Bya DD
_ p2 _ pl p2 U Up21
BO - I 0 :| bl Bl - |: BkDp21 :l
0 B
Br= | 5’2] . Co=[DiCpe Ci]
C1 = [Cp1 + Dp12DCh2 Dyp12Cy]
Dgg =0, Doy = Dy Dp2y
Doo = [0 IJ, D1g = —Dp12

D11 = Dp11 + Dp12 Dy Doy, D1 =[0 Dy1s]
Note that the state-space data have linear dependency
of parameter rate p.

Denote 27, = [z zL,]. Then the final closed-loop
system T, = F¢(G,, AW,) is described by

i'cl Acl(% p) BO,cl(p) Bl,cl(p) Lel
u | = |Colp,p) Dooci(p) Dore(p) q
e Cie(p,p) Dioe(p) Diralp) d
(6)
q = Au. (7)

Gathering all parameters of the antiwindup compen-
sator into the single variable

. A(lw Ba’u)
O(p, p) = |:Caw Daw:|
and introducing the shorthands:
A 0
Alp,p) = [0 0}
B B
s =], B0 =[]
Co(p) = [Co 0], Ci(p)=[C1 0]
0 B
PI (o) I o
P = |0 Do
PB (p) 0 D12
0 I|0|0
[Q1 D 93]2[0 O‘I‘O}

the closed-loop state-space data related to the inter-

connected system G, and the antiwindup compensator
AW, is as follows

As expected, the closed-loop state-space data depend
on the antiwindup compensator gain in affine form.
The following theorem provides a synthesis condition
for the antiwindup compensator.

Theorem 1 (Synthesis Condition for LPV Anti-
windup Compensator)

Given a scalar 0 < k < 1, the LPV open-
loop system P, with a parameter-dependent stabiliz-
ing nominal controller K,, if there exists a pair of
positive-definite matriz functions Ri1(p) € Sipxn”,
S(p) € S*" and a diagonal matriz function V(p) =

diag {vl (p)a “ oy Uny, (,0)} >0 satz’sfymg
OR
R11A17; +ApRi1 — 2(2216 pQV sz =
Clell - 2(k2T ) p12VBp2
Bpl
—k
RiCh —221“% !B,sVDL, By
I, — <k;T>Dp12VD,?12 Dy | <0 (9)
Dpll _’YITLd
[ as
SA+ATS+ZpZ 5 SBi of
Pi
i=1 <0
BfS _’YInd, D,{l
i Ch Dy Iy,
(10)
[ Rii [1n, 0]
I, g >0 (11)
1| O
for all (p,p) € P x V, then there exists an np-th

order LPV antiwindup compensator AW, to stabilize
the closed-loop system quadratically and have the per-
formance |lell2 < v|d||2 for all p(-) € Fp when the

condition |u;| < (ﬁ) ut®>, i =1,2,...,n, holds.

Proof: Consider a Lyapunov function V(z) =
7 X (p)x for the closed-loop system T}, then a suffi-
cient condition for the stability and performance can
be established from the inequality

. 1
V+—ele—~d"d+2¢" W(ku—q) <0
Y
using S-procedure. Note that it is equivalent to

0X,
AT X+ XaAa + sz pcz

BO c[Xcl + k'WCO cl

chlXcl
[ Acl BO,cl Bl,cl Clvd
CO,cl DO(],cl D(Jl,cl * *
1Cret Dioer D1t k(W Doo,c1 + Dio W) — 2W * 0
(A By, B PT kDE W Y SR
=|Co Do Dor|+ |P;|©[Q1 Q Qs]. (8) D1, Dy =1
Gt Dip Du Py (12)
4 o0r 11
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where * in the upper triangle means symmetric. Us-
ing the expressions in (8), the inequality (12) can be
rewritten as follows

(p, p)+PT(p)O(p, )2+ Q7O (p, p)P(p) < 0 (13)

with
*L 00Xy
TXC Xc 'i—c
A 1+ XA+ zZ:;p Opi
= BY X+ kWCo
BT X,
C1
* * *
k(WDOO + D(%W) —2W * *
kDLW —I  x
Dqo Dy —I
P = [PlXcl kP W 0 773]
Q=[21 Q Qs 0

Partition the matrix X, compatibly to the states of
an interconnected system G, and antiwindup compen-
sator AW, as n = ny, + ng and ngy, and let

[0 9]
Xa'p) = -AfT([();) Mép)]
[ Rii(p) Riz(p)
= | Ri(p) Rap) ‘ M(p)
MT(p) | 7

where MNT =1 — RS, and “?” means the elements
“we don’t care”. According to elimination lemma,'®
the inequality (13) is equivalent to

N (0)(p, p)Np(p) <O NEU(p, p)No <0 (14)

where Np and Ng are the null spaces of matrices P
and @, which are

I 0 0
0 0 0
1 0 0 0

Np = dia {X—l,wl,I,I}
4 1% 0 & —BIL, —DX, 0
0 0o I
0 I 0

OO OO O~
OO OO N O
Oo|l~N ol © O
N oIo|o O O

Denote V(p) = W~1(p). Through lengthy algebraic
manipulations, it can be shown that N2 ¥Ap < 0 and

NEUNg < 0 are the same as conditions (9) and (10),
respectively.

Given the definition for matrices X.; and Xc_ll, the
coupling condition between R and S would be

FI% é} >0 and rank(R — S™1) < ngw
for all p € P. Because only the (1,1) element of R
matrix is constrained in the LMIs (9)—(11), it is al-
ways possible to augment matrix Ry to R in satisfying
the above coupling condition. For example, one may
choose

1 O
1

0 15 H ‘ 0 15 m

The resulting R matrix is positive definite because of
the condition (11). Also, R — S~! > 0 is satisfied for
the selected R matrix. The rank condition is trivially
satisfied if one chooses ng, = mn,. So we obtain
the desired synthesis condition for the antiwindup
compensator. Q.E.D.

Ry1 ‘ [I 0] S~
R =

Remark 1 The minimum order of an antiwindup
compensator that can always be synthesized by a con-
vex condition is n,.5 However, if we enforce R = S™1,
then it is possible to solve a modified LMI optimization
problem from (9)-(11)

S

_ . OR
R AT + AyRyy — 2558 B VBT, = g
i=1

Ip;

CpiRi1 — 2(11516) DplZVB};Q
BT
pl

Ry ChL -2 0B ovDL, By

- — 2(1,£k) Dyp12VDE, Dy | <0 (15)
Dgn -1
°. OR

AR + RAT — ZPF‘? B, RCT
o= P - | <0 (6)

By —I Dy

ClR D11 —’)/I

Ri1 Ry

R= >0 17
|:R?2 R22:| ( )

This results in a static LPV antiwindup compensator.
Howewver, the modified LMIs do not necessarily have a
solution.

Recall that the LPV antiwindup compensator syn-
thesis problem is originally formulated as a robust
control problem. This usually leads to a noncon-
vex solvability condition as bilinear matrix inequalities
(BMIs). However, due to the special structure of the
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antiwindup controller, the resulting synthesis condi-
tion is convex in terms of matrix variables Rpi, S,
and V. In fact, the solvability condition for the LPV
antiwindup compensator is provided as an infinite-
dimensional LMI optimization problem, for which an
efficient numerical algorithm exists to solve it approx-
imately.!'” This can be done by parameterizing the
matrix variables using a finite set of scalar basis func-
tions as

Ny Ny
Ru(p) = Zfi(l))Rll,i S(P) = Zgj(ﬂ)sj

Np,
Vip) = hil(p)Vi
k=1

where {fi(p)}i'y , {9;(p)} ;% and {hi(p)}1, are user-
specified scalar basis functions. Ri1,;,S;, and Vj, are
new optimization variables to be determined. After
such a parameterization, the LPV synthesis conditions
can be solved using a gridding method over the param-
eter space.

After solving Ri1,S, and V matrix functions, the
LPV antiwindup compensator gain can be determined
by either solving the feasibility problem from the
closed-loop LMI (13) or the antiwindup compensator
can be constructed explicitly as shown in the follow-
ing theorem. The explicit construction approach is
advantageous because it avoids possible numerical ill-
condition when solving the above feasibility LMI prob-
lem. Moreover, it connects the antiwindup controller
directly to the plant and nominal controller gains.

Theorem 2 (LPV Antiwindup Compensator Con-
struction)

Given the solutions Ry1,S,y and V. = W~ of the
LMIs (9)-(11), let MNT = I, — RS with M,N €
S gnd ET = [Inp 0], then one n,-th order
LPV antiwindup compensator AW, can be constructed
through the following scheme:

1. Compute a feasible Dyy(p) € R™*™ such that

—k(WDg + DT W) +2W  « *
—kDLwW
_(-Dlo + DplZDaw)

_Dll ’V—[ne

for all p € P. Denote the above inequality as

YIn, * >0

Rnuxnp
0 \Inu 0 0
0 Bl
vl |
0
Onuxn
| TBTS+ kWG
- Bfs
Gy
0 |[kWT 0 DL,
kW Caw
0 —1II ?
Dp12
Bpy
_ (B§ + kWCRE + DL, B,
BIE
C1RE

and the matric Aqw(p, p) € R™™ as

5 .ds

N
Ao ;2

—p—RE — p—MTE - ATE
p p p dp
— [SBo + Buw + kCIW  SB, O]}
(BY + kWCoR)E + DL, BL, + kW Cyy
X BTE
C1RE + Dp12Ca

3. Convert the transformed antiwindup compensator
gain to its original state-space data by

{Aaw Baw]:{N SB, ]]—1

Caw Daw O [O I’ﬂu
o ([Aacw Baw] _[SARE 0
CA’(Lw Daw 0 O”uX”u
MTE 017"
0 I,

Proof: The derivation of the antiwindup controller
formula basically follows the procedure outlined in Ref.
12. Define

I RE S E
Zl:[o MTE}’ Z2:[NT o}

Then it can be shown that X, Z; = Z5. Also we have
the following congruent transformation:

I(p). S E
(,0) Z1TXclzl = |:ET ETRE]
T
2. Compute the least square solutions of the following Z;‘F dXe 7, = % . (R% + M%)TE
linear equations for Ba,(p) € R ™ Cuyw(p) € dt ET(RE 4 M) —~ET4RE
6 or 11
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XaAaZy ZIXaBoea ZEXaBia
Co,c1Z1 Do, el Do1,ct
Ch,aZn Do, Di1,a
SA 0 S By SB;
ETA ETARE | ETB, | ETB,

Co CoRE Dy Dy,
C, CiRE Dy D1y

I, 0 A X
+ 0 Bp2 A’L}aw Baw 0 Inp 010
0 Dp12
where
Agw Baw] [SARE 0
éaw Daw B O O
n N SBs Agw Baw| [MTE 0
0 [0 I]] |Cow Daw|| 0 I

Multiply diag{Z?,I,I,I} from the left side and its
conjugate transpose from the right side of eq. (13),
and we get

H11 * *
Hy Hy | * <0 (18)
Ly L, |-1II
with the shorthand notation
oS
Hy = SA+ATS + sz
A ds dNT
Hyy =ETA+ AT + FT(R— + M——
21 +A.,+E (R g + o )
Hyy = ET(AR + RAT — Zpia—R)E
— pi
+ BpoClow + ngng
[BL'S + BL, + kWC,
L= Bf'S
I G
[(BY + kWCoR)E + DL, BL, + kW Cau
Ly = BTE
L CiRE 4 Dp12Caw

By Schur complement, it is equivalent to

Hi1 + L{H_lLl *
Hy + LTI'Ly Hy + L3TILy) <0 (19
Clearly, the lower (3 x 3) matrix of the inequality
(18) must be negative definite, this determines the fea-
sible Dqyp. Let the (2,1) element be equal to zeros and
one can solve for Aaw. This also leads to decoupled
LMIs from the inequality (19). Then Baw, Cw terms
can be solved from the (1,1) and (2, 2) elements of the
decoupled inequality (19). Note that both inequalities
have regular solutions.'®

The (1,1) element of the above matrix inequality
corresponds to LMI (10) after elimination of the
variables Baw and ﬁaw. It can also be shown that the
(2,2) element is equivalent to LMI (9) by eliminating
Cows Daw- Q.E.D.

The explicit antiwindup construction scheme can
also be applied to open-loop stable systems. How-
ever, because the synthesis condition for an open-loop
stable plant does not involve matrix W,% we need to
solve the feasible Daw and W matrices altogether at
the first step. The remaining steps are the same by
setting k = 1.

Saturation Control for Flight Dynamics

In this section, the proposed LPV antiwindup con-
trol synthesis technique is applied to flight dynamics.
The system to be controlled is the longitudinal F-16
aircraft model based on NASA Langley Research Cen-
ter (LaRC) wind tunnel tests,'® which is described by
Stevens and Lewis in great detail.?® The full nonlin-
ear longitudinal model of an F-16 aircraft is given as
follows:

- qS cos o
V= o [Crqcosa+ Cugsinalq+T -
—gsin(fd — a) + 75 [C; cosa + C sinq] (20)
m
gsSc : sin
1+ —— 52 (C.qcosa — C’mqsma)] qumV
+ %COS(@ —a)+ ni—f/ [C.cosa— Cypsina]  (21)
_ase wsel, | A
q= oLV [€Chg + AC.q] g+ I, {Cm + - C’Z}
(22)
0=q (23)

The aerodynamic coefficients are provided as lookup
tables from NASA LaRC wind tunnel tests on a scale
model of F-16 aircraft. The data apply to the speed
range up to about Mach 0.6, and cover a very wide
range of angle of attack (—20° < a < 90°). How-
ever, conventional aerodynamic math models for use
in aircraft simulation or flight control design have be-
come increasingly deficient in the poststall region. So,
the investigation on the robust control of aircraft in
the high angle of attack region with uncertain aero-
dynamic coefficients is one of the challenging research
topics.

The F-16 is powered by an afterburning turbofan
jet engine, which produces a thrust force in the x axis.
The NASA data include a model of the engine in which
the thrust response is modeled with a first-order lag;
the lag time constant is a function of the actual engine
power level and the commanded power. The throttle
position is related to the commanded power level. For
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convenience, the actual power level is also considered
as a state variable in longitudinal dynamics.

The nonlinear model is then linearized at trim con-
ditions to generate state-space models for design. The
state and input variables are as follows:

V' true airspeed (ft/s)

! angle of attack (rad)
T=1q pitch rate (rad/s)

0 pitch angle (rad)

pow actual power level (0-100)

B {5th
u =
Je

By slight abuse of notations, the above listed variables
are perturbations from their equilibrium states. In ad-
dition, V', ¢, and flight path angle v are selected as
outputs. The operating envelope of interest covers air-
craft speeds between 160 ft /s and 200 ft /s and angles of
attack between 20° and 45°. These two variables are
used as scheduling parameters in the LPV modeling
of F-16 longitudinal dynamics. Fig. 3 shows the flight
trim points for the control design. The corresponding
dynamic pressure of the designed range is between 20
psf and 50 psf. This portion of flight envelope is cho-
sen because the moderately high angle of attack and
the low dynamic pressure cause aerodynamic control
surface saturation.

throttle position (0-1)
elevator angle (deg) (—25°-25°)

15000 x

12000

9000

altitude (ft

6000

3000

Mach number

Fig. 3 Flight trim points.

The design objective of the nominal LPV controller
in this research is to track the flight path angle com-
mand with the tracking error about 1.25% of the com-
mand in the steady state. This kind of problem is
formulated as a model-following problem,?"?2 where
the ideal model to be followed is chosen to be a second-
order filter based on desired flying qualities

. 2

Videal Wideal (24)
= 2

Yemd 32 + 2<idcalwidcals + wideal

The implicit model-following framework allows for di-
rect incorporation of flying quality specifications into
the control design. A block diagram of the system in-
terconnection structure for synthesizing the nominal
controller is shown in Fig. 4.

R —

<«

S| |

Fig. 4 Open-loop interconnection for LPV control
design.

The weighting functions are chosen as

_ 80(s/5+1)
P 5/0.05 4+ 1
W, = diag{0.8,0.6,0.1}

1 1
u =di 131 s BN
W lag{ 050 120}
2.25

VVi ea. G Y
deal = 2 1 045+ 2.25

The throttle and elevator actuator dynamics are mod-
eled as first order filters.

Oth 5 e 20

semd T 545 gomd T 5420

Both the position and the rate of control inputs are
fed into W, to penalize the control effort. Therefore,
the system matrix of W is derived as follows.

5 20
Wact = dlag { |:8$5:| ; [5%250] }
s+5 s+20

The nominal controller is designed by formulating
an LPV synthesis problem, which can be solved us-
ing either a single or parameter-dependent quadratic
Lyapunov function over all gridding points in the two
dimensional parameter space.'®14 In this work, the
single quadratic Lyapunov function (SQLF) approach
is chosen to reduce the computation time in the nom-
inal LPV control synthesis phase. The performance
obtained through the SQLF approach is v,0m = 8.0.

The nonlinear F-16 longitudinal dynamics with the
nominal LPV controller K, is simulated, and the mag-
nitude limits of actuators are enforced during the sim-
ulation. One designed flight condition is used as the
test point, which is a trimmed flight at V' = 160 ft/s
and a = 35°. Figures 5 and 6 show the nonlinear
time responses of the aircraft model to the flight path
doublet input with different magnitudes.

It is observed that when flight path doublet input
is equal to +1°, the positions of throttle and eleva-
tor are not saturated. The simulation result of the
flight path shows that the measurement matches the
ideal response very well. For comparison, the nonlin-
ear time response for a more drastic +2° flight path
doublet input is shown in Fig. 6. It should require
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more control actions of the actuators to achieve the
performance objective. Unfortunately, the elevator is
saturated severely and thus makes the system unsta-
ble.

The proposed LPV antiwindup scheme is applied to
the control of the F-16 aircraft, and we also choose
the SQLF approach to perform the LPV synthesis.
A series of LPV antiwindup compensators AW, are
designed by gradually decreasing k value from 1 to
0.90. Table 1 shows the corresponding performance
level . Because one of the gridding points is unstable,
the synthesis condition for LPV antiwindup control
is infeasible for £ = 1. Compared with the nom-
inal performance, the worst performance level when
k =1—107" indicates the strong adverse effect of sat-
uration nonlinearity. When k& = 0.90, the antiwindup
compensator almost recovers the nominal closed-loop
performance Yyom-

Table 1 H. performance level vs. sector range
[0, kI].
Sector range [0, kI] | Hoo performance
1-10° 1596.38
1—-1071 258.30
1-1073 32.16
0.99 8.41
0.90 8.00

Now, a £2° flight path command input is applied
to the F-16 aircraft system with the antiwindup com-
pensator. The time response of the nonlinear system
at the same trimmed condition is tested. As shown in
Fig. 7, the antiwindup compensator not only stabilizes
the system when saturation occurs, but also provides
fairly good recovery of tracking performance.

Conclusion

We have developed an antiwindup control scheme
for LPV systems and applied the proposed saturation
control scheme to F-16 aircraft. Due to the special
structure of the antiwindup control scheme, the LPV
antiwindup control synthesis condition is solvable by
LMI optimizations. The extension of the antiwindup
control idea to LPV systems provides a practical ap-
proach for nonlinear flight dynamics in the presence
of actuator saturation. Saturation control is par-
ticularly important to near stall and poststall flight
conditions. By augmenting the nominal longitudinal
autopilot with antiwindup compensator, it was shown
through nonlinear simulation that the F-16 aircraft
maintains its stability and has adequate control perfor-
mance in a high angle of attack. Applying antiwindup
control scheme to flight control is promising because no
additional actuator is needed to compensator control
authority. In fact, the implementation of antiwindup
controllers could be done by modifying flight control
software.

Acknowledgment

The first two authors would like to acknowledge the
financial support for this research by NASA Langley
Research Center under Grant NAG-1-01119.

References

IReigelsperger, W.C. and Banda, S.S., “Nonlinear simula-
tion for a modified F-16 with full-envelope control laws,” Contr.
Eng. Practice, 6:309-320, 1998.

2Balas, G.J., Doyle, J.C., Glover, K., Packard, A.K., and
Smith, R., u-Analysis and Synthesis Toolbox, Mathworks Inc.,
Natick, MA, 1991.

3Adams, R.J., Buffington, J.M., Sparks, A.G., and Banda,
S.S., Robust Multivariable Flight Control, Springer-Verlag, Lon-
don, UK, 1994.

4Dornheim, M.A., “Report pinpoints factors leading to YF-
22 crash,” Awviation Week Space Technol., pp. 53-54, Nov. 9,
1992.

5Khalil, H.K., Nonlinear Systems, 2nd ed., Prentice-Hall,
Englewood Cliffs, NJ, 1996.

SKothare, M.V., Campo, P.J., Morari, M., and Nett, C.N.,
“A unified framework for the anti-windup designs,” Automatica,
30(12):1869-1883, 1994.

"Mulder, E.F., Kothare, M.V., and Morari, M., “Multi-
variable anti-windup controller synthesis using linear matrix
inequalities,” Automatica, 37:1407-1416, 2001.

8Grimm, G., Hatfield, J., Postlethwaite, 1., Teel, A.R.,
Turner, M.C., and Zaccarian, L., “Anti-windup: An LMI-based
synthesis,” to appear in IEEE Trans. Automat. Contr., 2003.

9Tyan, F. and Bernstein, D.S., “Anti-windup compensator
synthesis for systems with saturation actuators,” Int. J. Robust
Non. Contr., 5:521-537, 1995.

10Teel, A.R., “Anti-windup for exponentially unstable linear
systems,” Int. J. Robust Non. Contr., 9:701-716, 1999.

HHu, T. and Lin, Z., Control Systems with Actuator Satu-
ration: Analysis and Design, Birkhduser, Boston, 2001.

2Wu, F. and Lu, B., “Anti-Windup Control Design for Ex-
ponentially Unstable LTI Systems with Actuator Saturation,”
to appear in Proc. 2008 Amer. Contr. Conf., June 2003.

13Becker, G., and Packard, A., “Robust performance of
linear parametrically varying systems using parametrically-
dependent linear feedback,” Syst. Contr. Letts., 23:205-215,
1994.

MWu, F., Yang, X.H., Packard, A., and Becker, G., “Induced
Lo norm control for LPV systems with bounded parameter vari-
ation rates,” Int. J. Robust Non. Contr., 6(9/10):983-998, 1996.

15 Apkarian, P., and Adams, R.J., “Advanced gain-
scheduling techniques for uncertain system,” IEEE Trans.
Contr. Syst. Tech., 6:21-32, 1998.

16Boyd, S.P., El Ghaoui, L., Feron, E., and Balakrishnan,
V., Linear Matriz Inequalities in Systems and Control Theory
SIAM, Philadelphia, PA, 1994.

17Gahinet, P., Nemirovskii, A., Laub, A.J., and Chilali, M.,
LMI Control Toolbox Mathworks, Natick, MA, 1995.

18Gahinet, P., “Explicit controller formulas for LMI-based
Hoo synthesis,” Automatica, 32(7):1007-1014, 1996.

9Nguyen, L.T., Ogburn, M.E., Gillert, W.P., Kibler, K.S.,
Brown, P.W., and Deal, P.L., “Simulator study of stall/post-
stall characteristics of a fighter airplane with relaxed longitudi-
nal static stability,” NASA Technical Paper 1538, 1979.

20Gtevens, B.L. and Lewis, F.L., Aircraft Control and Sim-
ulation, John Wiley & Sons, Inc., 1992.

21Buffington, J.M., Sparks, A.G., and Banda, S.S., “Robust
longitudinal axis flight control for an aircraft with thrust vec-
toring,” Automatica, 30(10):1527-1540, 1994.

228hin, J.-Y., Balas, G.J., and Kaya, A.M., “Blending ap-
proach of linear parameter varying control synthesis for F-16
aircraft,” AIAA Paper No. 01-4040, 2001.

9 oF 11

AMERICAN INSTITUTE OF AERONAUTICS AND ASTRONAUTICS PAPER 2003-5495



fight path y (deg)
flight path y (deg)

“o 5 10 15 20 Umz‘;s(s) Y S 20 a5 50 o s 10 i 2 “m2;5(s) ES E3 0 s 50
(a) Flight path angle (a) Flight path angle

angle of attack a (deg)
angle of attack a (deg)

320 5‘1 1‘0 1‘5 2‘0 2‘5 3‘0 3‘5 A‘D 4‘5 50 0 ; 1‘0 1‘5 2‘0 2‘5 3‘0 3‘5 4‘0 A‘S 50
time (s) time (s)
(b) Angle of attack (b) Angle of attack
15 T T T T T T T T T T

elevator angle (deg)
elevator angle (deg)

L L
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50

time (s) time (s)
(c) Elevator angle (c) Elevator angle

throttle position
o
2
throttle position

0.65

06 . . . . . . . . . 02 . . . . . . . . .
0 5 10 15 20 25 30 35 40 45 50 4 5 10 15 20 25 30 35 40 45 50
time () time (s)

(d) Throttle position (d) Throttle position

Fig. 5 Nonlinear simulation of F-16 dynamics to Fig. 6 Nonlinear simulation of F-16 dynamics to
+1° flight path doublet input. +2° flight path doublet input.

10 oF 11

AMERICAN INSTITUTE OF AERONAUTICS AND ASTRONAUTICS PAPER 2003-5495



flight path y (deg)

0 5 10 15 20 25 30 35 40 45 50
time (5)

(a) Flight path angle

angle of attack a (deg)

0 S S S
0 5 10 15 20 25 30 35 40 45 50
time (s)

(b) Angle of attack
201
10r

elevator angle (deg)
°
7

10k
20k
) 5 10 15 2 S S S 0 a5 50
time (s)
(c) Elevator angle
095 ! ! ! ! T T T . .

0.9

0.8

o
S
a

throttle position
°
2

o
>
&

0.6

05 . . . . . . . . .
0 5 10 15 20 25 30 35 40 45 50
time (5)

(d) Throttle position

Fig. 7 Saturation control of F-16 dynamics using
LPV antiwindup compensator.
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